Introduction tural and functional down-regulation in response to activity-dependent processes, but this sensitivity, too, is The developing mammalian visual system and its susdown-regulated during postnatal development. ceptibility to visual deprivation are well-established On theoretical and experimental grounds, long-term models of how epigenetic factors can influence developpotentiation (LTP) and long-term depression (LTD) of ment of the nervous system. One dramatic example of excitatory synaptic transmission have been proposed this developmental plasticity is the loss of responsivity to contribute to the development of normal ocular domiof most visual cortical neurons to input from an eye that nance and the ocular dominance shift due to MD in was briefly deprived of pattern vision (monocular visual visual cortex (Bienenstock et al., 1982; Bear et al., 1987; deprivation, or MD) during a critical period of postnatal Fregnac et al., 1988; Clothiaux et al., 1991; Singer, 1995) . development (Wiesel and Hubel, 1963a , 1963b , 1965  In support of this proposition, both LTP and LTD can Hubel and Wiesel, 1970; Olson and Freeman, 1980) . This be induced at excitatory synapses in visual cortex in ocular dominance shift in favor of input from the normal vitro (Artola et al., 1990; Kirkwood et al., 1993) . Moreover, eye does not occur if the visual deprivation occurs after there is some evidence that these processes are devela critical period of postnatal development (Hubel and opmentally regulated; LTP is readily induced in the ex- Wiesel, 1970) . Moreover, the virtual functional eliminatragranular layers of immature visual cortex (Komatsu tion of input from the eye that was placed at a competiet al., 1981; Perkins and Teyler, 1988; Kato et al., 1991 ; tive disadvantage is not due to loss of excitatory signals Kirkwood et al., 1995) as well as in layer IV of immature from the retina of that eye (Sherman and Stone, 1973) somatosensory cortex (Crair and Malenka, 1995) , but or through the dorsal lateral geniculate nucleus (Lehmno such developmental regulation has yet been demonkuhle et Shapley and So, 1980 ; Friedlander strated for LTD. As layer IV is the primary site of binocular and Stanford, 1984) , thus implicating the visual cortex competitive interactions in the visual cortex (LeVay and as the site of modification. Gilbert, 1976; Shatz et al., 1977) , demonstration of a Three mechanisms within the visual cortex have been postnatal developmental down-regulation of the sensisuggested to mediate the ocular dominance shift that tivity of excitatory synaptic transmission in this layer to occurs following MD: a selective anatomical discon-LTD is necessary if this process is to be validated as a nection of excitatory synapses; a selective enhancecausative factor in this type of cortical plasticity. ment of intracortical synaptic inhibition; and a selective A heretofore complicating factor in the assessment functional weakening of excitatory synapses. There is of developmental changes in the ability to induce LTD evidence to support all three hypotheses, including large in vitro is the developmental change in intracortical synscale anatomical reorganization of cortical ocular domiaptic inhibition; the strength of inhibitory postsynaptic nance columns (Hubel et al., 1977; Shatz and Stryker, potentials (IPSPs) in neocortex has been demonstrated 1978; LeVay et al., 1980) , changes in the extent of anatomical arborizations of individual thalamocortical axto increase with postnatal age (Komatsu, 1983; Luhmann and Prince, 1990; Agmon and O'Dowd, 1992) , and ons in cortical layer IV (Friedlander et al., 1991 ; Antonini this developmental increase in synaptic inhibition has we measured postsynaptic potentials (PSPs), evoked with stimulation at the white matter/layer VI border, in been proposed to play a major role in the developmental modulation of plasticity within layer IV (Komatsu, 1983;  layer IV neurons in vitro. To verify that recordings were indeed made from layer IV neurons, we injected biocytin Agmon and O'Dowd, 1992) . Since LTD induced by low frequency stimulation has been determined to be deinto many of the cells from which electrophysiological recordings were obtained. Examples of representative pendent on N-methyl-D-aspartic acid (NMDA) receptors in several preparations (Dudek and Bear, 1992; layer IV neurons that were successfully recovered after biocytin injection and histological processing are shown and Malenka, 1992; Kirkwood et al., 1993) , and NMDA receptor function can be negatively influenced by inhibiin Figure 1 . In guinea pig layer IV, the majority of the cells labeled were spiny pyramidal cells (39 of 42; Figures 1A, tory circuitry (Luhmann and Prince, 1990; Agmon and O'Dowd, 1992; Burgard and Hablitz, 1993) , the presence 1B, and 1E), consistent with the observation that many spiny neurons in layer IV are pyramidal in shape in other of large IPSPs in compound PSPs evoked in layer IV neurons precludes determination of a true developsmall mammals (Peters et al., 1985) . In contrast with the guinea pig layer IV cells, many of the cells filled in cat mental gradient in the susceptibility of layer IV excitatory synapses to LTD.
layer IV were spiny stellate in morphology, also consistent with the observed morphology of layer IV neurons In addition to possible modulation of the capacity for LTD induction, strong postsynaptic inhibition in layer IV in this species (44 of 72; Figures 1C, 1D , and 1F) (O'Leary, 1941; Lund et al., 1979) . Recordings were made from also complicates interpretation of the LTD experiments. In many cases, the excitatory postsynaptic potentials slices prepared from neonatal (P1-P12) or mature (P80-P100) guinea pigs and from cats either during the peak (EPSPs) recorded in guinea pig and cat layer IV can be completely obscured (or shunted) by the IPSP at (age 3-5 weeks) or after (12-16 weeks) the critical period for ocular dominance plasticity (Olson and Freeman, depolarized membrane potentials, even at relatively low stimulation intensities, consistent with data obtained 1980). After a 10-15 min baseline period of stable postsynaptic potentials (PSPs) was collected, afferent stimufrom ferret layer IV neurons in vitro (Hirsch, 1995) . This effect may be due to the high concentration of ␥-aminolation at 1 Hz was delivered for 15 min to induce LTD. The stimulation frequency was then returned to 0.1 Hz, butyric acid (GABA) receptors within layer IV relative to other layers. Indeed, the highest density of muscimoland the PSPs were assessed for LTD induction 15-20 min after cessation of the 1 Hz stimulation. binding sites, representing GABAA receptors, are in layer IV , although this As evaluated by a significant (p < 0.01, two-tailed t-test) and sustained (20-30 min) reduction of peak PSP density distribution could also explained by the high density of neurons within layer IV. Given this prominence amplitude by greater than 10%, the ability to induce LTD with a standard 1 Hz afferent stimulation protocol was of inhibition in layer IV, it is therefore difficult to dissect out changes due to increased inhibition or those revariable (54%, n ϭ 13 of 24). Post-hoc analysis revealed that significant, sustained LTD was induced only for sulting from decreases of the EPSPs without disinhibiting the entire cortical slice. Pharmacological disinhibithose compound PSPs where no discernible IPSP was observed at resting membrane potential or upon depotion by bath application, however, can be highly undesirable for the reason that it affects the induction larization to Ϫ60 to Ϫ45 mV; in each case when significant LTD was not induced (n ϭ 11 of 24), the compound of both LTP and LTD in slices of neocortex and hippocampus (Artola et al., 1990; Bear et al., 1992 ; Wagner PSP contained a distinct IPSP. Figure 2A shows examples of experiments performed on guinea pig slices in and Alger, 1995). Whether the effects of disinhibition on LTP/LTD induction are due to network effects or effects which LTD was induced, or not induced, depending on the absence or presence of obvious IPSPs (2A1 and on single neurons remains unknown. To avoid these ambiguities, we have modified a method of restricting 2A3, respectively). This correlation between the apparent absence of synaptic inhibition and the ability to induce the blockade of postsynaptic inhibition onto single neurons (Nelson et al., 1994) , thereby avoiding the network LTD was consistent in layer IV neurons from both young guinea pig ( Figure 2B , LTD in 7 of 14) and kitten (Figure effects of disinhibition (Dudek and Friedlander, 1996) . By including in the recording electrode solution a chloride 2C, LTD in 6 of 10) visual cortex. These data are suggeschannel blocker, 4,4Ј-dinitro-stilbene-2,2Ј-disulfonic tive of a negative influence of inhibitory synaptic transacid (DNDS), and cesium to block potassium conducmission on the induction and/or expression of LTD of tances, both early and late IPSPs, respectively, can be excitatory synaptic transmission in layer IV neurons. Exeffectively blocked in individual cortical layer IV neurons.
perimental validation of this relationship, however, reUsing this method of blocking inhibition intracellularly, quires direct manipulation of IPSPs when they do occur. the effects of inhibition on LTD induction and the postnaTo determine whether the ability to induce LTD was tal development of LTD in cortical layer IV, independent indeed dependent on the absence of inhibitory potenof inhibition, were directly evaluated. Preliminary actials and not that a certain population of cells was incacounts of this work have appeared in abstract form (Dupable of expressing LTD, experiments were performed dek and Friedlander, 1993, Soc. Neurosci., abstract; Duusing the intracellular blockade of GABAA and GABAB dek et al., 1994, Soc. Neurosci., abstract) .
currents with intracellular DNDS and cesium, respectively (Dudek and Friedlander, 1996) . Figure 3A shows Results an example of a positive control experiment in which an IPSP was evident initially and was blocked with the inclusion of DNDS and cesium in the recording pipette. To assess for developmental changes in the susceptibility to LTD induction at excitatory synapses in layer IV,
In this case, from a P6 guinea pig, LTD was induced with 15 min of 1 Hz stimulation. The group data from This result is complementary to the observation that no cell with a discernible IPSP was capable of sustaining young guinea pig (n ϭ 7, P3-P8) and kitten (n ϭ 5, P22-P48) are shown in Figures 3B and 3C , respectively, LTD. Thus, blocking IPSPs from within single neurons is sufficient to allow the induction of LTD. and show that LTD could be reliably induced in cells with IPSPs when the IPSPs were blocked intracellularly.
It has been proposed that a postnatal developmental (B-C) Summaries showing that LTD was reliably induced in layer IV cells from young guinea pig at P3-P6 (B 1) and kitten at P22-P48 (C1) when IPSPs were absent from the compound PSP (n ϭ 7 and 6, respectively). Summaries showing that no depression was observed in either young guinea pig P3-P8 (B 2 ) or kitten P23-P48 (C 2 ) layer IV neurons in response to 1 Hz afferent stimulation when IPSPs were present in the compound PSP (n ϭ 7 and 4, respectively).
increase in the strength of inhibitory circuitry, by moduinhibitors of the NMDA receptor such as D-APV (n ϭ 7, data not shown), it was important to determine whether lating NMDA receptor function, reduces synaptic plasticity in the adult neocortex (Komatsu, 1983; Agmon and LTD could also be restored in the adult preparation. If so, the hypothesis that a developmental increase in O' Dowd, 1992) . Since the induction of LTD in several preparations, including this one, can be blocked with synaptic inhibition restricts plasticity in the adult visual cortical layer IV would be supported. The ability to re-(DNDS/cesium) versus 67.9% Ϯ 3.0% (no IPSP) of control in cat ( Figures 4B and 4C) . No significant depression store LTD with intracellular blockade of inhibition, however, was found to be restricted to slices from juvenile was obtained in recordings from adult layer IV cells in either the no IPSP (n ϭ 0 of 10 in guinea pig, 0 of 4 in animals; LTD was not induced in layer IV neurons recorded from adult slices (Figure 4 ). An example of a cat) or the DNDS/cesium case (n ϭ 1 of 10 in guinea pig, 0 of 8 in cat). These data indicate that while LTD recording from a P90 guinea pig is shown in Figure 4A , where DNDS and cesium were included in the recording was easily induced in layer IV neurons from juvenile animals in cases where there was not an evoked IPSP electrode to successfully block IPSPs; LTD was not induced. The amount of depression obtained from young or when the IPSP was blocked by intracellular pharmacological intervention, it was not induced in layer IV animals with the use of intracellular block of IPSPs was not significantly different from those cells not showing neurons from young adults, regardless of the status of postsynaptic inhibition. IPSPs: 76.1% Ϯ 1.7% (DNDS/cesium) versus 70.0% Ϯ 3.7% (no IPSP) of control in guinea pig; 71.9% Ϯ 1.8%
To determine whether the lack of capacity for LTD (B-C) Group data from the PSPs without IPSPs (B) and those with IPSPs recorded in the presence of DNDS and cesium (C) from guinea pig (closed bars) and cat (stippled bars) from both juvenile and young adult agegroups. Plotted are the magnitudes and probabilities of inducing significant LTD from the two age-groups. (B) n ϭ 15 and 10 for the juvenile (P1-P12) and young adult (>P80) guinea pig, respectively, and n ϭ 6 and 4 for the juvenile (P3-P5 week) and young adult (P12-P16 week) cat, respectively. (C) n ϭ 7 and 10 for the juvenile (P1-P12) and young adult (>P80) guinea pig, respectively, and n ϭ 5 and 8 for the juvenile (P3-P5 week) and young adult (P12-P16 week) cat, respectively. Asterisk indicates p < 0.01 (t test).
induction in slices from young adult was indeed respecifically in the young adult, but not juvenile animals, these experiments in layer II/III also serve to specifically stricted to layer IV and to ascertain that LTD in the young adult supragranular layers is expressed in the guinea rule out this possibility. Taken together, these data suggest that layer IV, in contrast with layers II/III, does not pig, as in the rat, we used a recording configuration similar to that described by Kirkwood et al. (1993) . By support LTD induced by 1 Hz afferent stimulation in slices of adult visual cortex. stimulating in layer IV and recording in layers II/III, we found that LTD was easily induced in adult guinea pig neurons (n ϭ 10 of 10), in striking contrast with the results obtained in layer IV from the same age-group Discussion (n ϭ 1 of 10) ( Figure 5 ). To serve as a control for the blockers used in the recordings made in layer IV, DNDS In this report, evidence is presented that suggests that the induction and/or expression of long-term synaptic and cesium were included in the recording pipettes in the experiments recording from layer II/III neurons. While depression, induced with low frequency afferent stimulation, can be modulated by synaptic inhibition and is it is unlikely that DNDS and/or cesium would block LTD Figure 5 . Developmental Loss of LTD Is Restricted to Layer IV While LTD was not reliably induced in adult layer IV neurons, n ϭ 1 of 10 (with DNDS and cesium), LTD was induced in adult layer II/III neurons, n ϭ 10 of 10 (also with DNDS and cesium).
down-regulated with age in guinea pig and visual cortistudies suggested that NMDA receptors decrease with age in visual cortex (Bode-Greuel and Singer, 1989; cal layer IV. These data indicate, however, that while Reynolds and Bear, 1991) , more recent experiments usthe synergistic effects of age-related changes in inhibiing physiological assessments have confirmed the dration on LTD induction cannot be ruled out, the developmatic decrease in NMDA receptor function with age, mental down-regulation of LTD is primarily accomparticularly in layer IV, both in visual cortex (Tsumoto plished by a means other than developmental increases et al. Fox et al., 1991 Fox et al., , 1992 ; Carmingnoto and in inhibitory circuitry. These conclusions are supported Vicini, 1992) and in somatosensory cortex (Crair and by experiments making use of a novel method of intraMalenka, 1995). More recent anatomical data have also cellular blockade of inhibition, thus avoiding the comconvincingly demonstrated the developmental loss of plications introduced with bath application of GABA incertain subunits or splice variants of the NMDA receptor hibitors. Though cesium is certainly not specific for in layer IV (Laurie and Seeburg, 1994; Catalano et al., GABAB-mediated potassium currents and the method 1995, Soc. Neurosci., abstract; Johnson et al., 1996) . of using DNDS to intracellularly block synaptic inhibition Moreover, the loss of NMDA receptor activity in visual is not without its own disadvantages, several lines of cortex itself depends on visual experience; dark rearing, evidence corroborate the findings. First, there are no which apparently extends the length of critical period statistically significant differences between the LTD inplasticity (Mower et al., 1985) , also delays the downduced in neurons in which the IPSPs were blocked with regulation of NMDA receptor-mediated responses (Fox DNDS and cesium and the LTD induced in neurons that Carmingnoto and Vicini, 1992) . Given did not have IPSPs, regardless of the age-group studied.
that the induction of LTD is dependent on NMDA recepThus, the lack of LTD in the adult neurons is not likely tors in hippocampus (Dudek and Bear, 1992 ; Mulkey to be explained by a partial or incomplete block of the and Malenka, 1992), in layers II/III of visual cortex (KirkIPSPs by the DNDS and cesium in the adult slices. A wood et al., 1993), and in this layer IV preparation, a second line of evidence that supports a developmental reasonable hypothesis for the loss of this type of plasticdown-regulation of LTD in layer IV independent of inhibiity during postnatal development emphasizes the develtion is that blocking IPSPs by means of bath application opmental down-regulation of NMDA receptors within of bicuculline gives essentially the same result: LTD is layer IV. not restored in adult neurons when fast IPSPs are Another possible consequence of the down-regulablocked with bicuculline (n ϭ 3, 112% Ϯ 10% of control).
tion of NMDA receptors in layer IV is the developmental In addition, use of TS-TM-calix[4]arene instead of DNDS loss of LTP, as demonstrated in slices of somatosensory to block GABA A chloride channels, without cesium (Ducortex (Crair and Malenka, 1995) . This loss of LTP in dek and Friedlander, 1996) , also restores LTD in juvenile, layer IV appears to be quite different mechanistically but not adult guinea pigs (n ϭ 6, data not shown). Finally, from the down-regulation of LTP in supragranular layers data from neurons recorded from adult layer II/III sug- (Kirkwood and Bear, 1994a) , which is possibly depengest that the DNDS and cesium are not interfering with dent on developmental increases in synaptic inhibition the induction process of LTD in adult neurons. Morein layer IV; stimulation of polysynaptic pathways at the over, these data support the idea that plasticity is downwhite matter/layer VI border is insufficient to induce aderegulated to a greater extent within layer IV than in layers quate postsynaptic depolarization to induce LTP in lay-II/III in the adult visual cortex.
ers II/III when synaptic inhibition in layer IV is present Since the results presented here have demonstrated (Kirkwood and Bear, 1994b) . In either case, developthat increasing synaptic inhibition during development mental changes in the susceptibility to LTP induction, is not solely responsible for the developmental downtogether with developmental changes in LTD, are likely regulation of LTD, a likely alternative modulator of plasto contribute to synaptic plasticity in visual cortex during ticity in layer IV is the developmental decrease in NMDA early postnatal development. Consistent with this hypothesis is the finding that ocular dominance plasticity receptors (discussed by Fox, 1995) . While early binding is inhibited with the infusion of an NMDA receptor antagdistinct cellular mechanisms are in place to down-regulate synaptic strength during the critical period that may, onist into visual cortex Bear et al., 1990; Bear and Colman, 1990 (Mulkey et al., 1994) , and the induction of LTD versus LTP may lie in a balance of phosphatase and Slices of primary visual cortex were prepared from guinea pigs at kinase activity, depending on the level of postsynaptic P1-P12 or >P80, or from cats at P22-P48 or P84-P112. Ages of calcium (Lisman, 1989; Mayford et al., 1995) . At least cats were chosen for their documented periods during peak genicuone serine/threonine protein phosphatase may be inlocortical axon segregation within layer IV (LeVay et al., 1978) and after the major period of ocular dominance plasticity (Olson and volved in the developmental down-regulation of LTD; Freeman, 1980) . In contrast with cats, guinea pigs are born with both levels of phosphatase 2A and microtubule-associtheir eyes open, and as no data exist regarding plasticity in guinea ated phosphatase 1 decrease dramatically with age in pig visual cortex, these periods were conservatively estimated to the mammalian neocortex (Dudek and Johnson, 1995) . (Montague et al., 1991) . layer IV. In these cases, a stimulation intensity was chosen that Moreover, since the immature synaptic boutons generproduced a PSP of 4-6 mV and was considered in the "plus IPSP" ally only have a single release site versus multiple recase. PSPs were characterized for the presence or absence of IPSPs lease sites in the mature cortex (Friedlander and Martin, by the appearance of early and/or late negativities with injection of 1989), the probability of effectively down-regulating the depolarizing current; the sizes of the IPSPs were not quantitated. In cases in which the IPSPs were blocked with DNDS and cesium, immature terminals may be greater. Thus, while the deIPSPs were monitored at depolarized membrane potentials for velopmental down-regulation of NMDA receptors is 10-30 min until they were abolished, at which time the baseline likely to be responsible for the down-regulation of the recording period was commenced. LTD was induced with a standard induction of LTD in layer IV, there exist numerous possi-
